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ABSTRACT
The unique properties of topological insulators like Bi2Se3 are intriguing for their 
potential implementation in novel device architectures for low-power, defect-tolerant 
logic and memory devices.  Recent improvements in the synthesis of Bi2Se3 has 
positioned researchers to fabricate new devices to probe the limits of these materials. 
The fabrication of such devices, of course, requires etching of the topological insulator, 
in addition to other materials including gate oxides and contacts which may impact the 
topologically protected surface states.  In this paper, we study the impact of He+- 
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sputtering and inductively coupled plasma Cl2 and SF6 reactive etch chemistries on the 
physical, chemical, and electronic properties of Bi2Se3. Chemical analysis by X-ray 
photoelectron spectroscopy tracks changes in the surface chemistry and Fermi level, 
showing preferential removal of Se that results in vacancy-induced n-type doping.  
Chlorine based chemistry successfully etches the Bi2Se3, but with residual Se-Se 
bonding and interstitial Cl species remaining after the etch.  The Se vacancies and 
residuals can be removed with post-etch anneals in a Se environment, repairing the 
Bi2Se3 nearly to the as-grown condition.  Critically, in each of these cases, angle-
resolved photoemission spectroscopy (ARPES) reveals that the topologically protected 
surface states remain even after inducing significant surface disorder and chemical 
changes, demonstrating that topological insulators are quite promising for defect 
tolerant electronics.  Changes to the ARPES intensity and momentum broadening of the 
surface states are discussed.  Fluorine-based etching aggressively reacts with the film 
resulting in a relatively thick insulating film of thermodynamically favored BiF3 on the 
surface, prohibiting the use of SF6-based etching in Bi2Se3 processing.  
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Topological insulators (TIs) are a unique class of material that possess narrow, 
semiconducting “bulk” bandgaps, but also have gapless edge or surface states (in 2D or 
3D topological insulators, respectively)1-3 that are protected by time-reversal 
symmetry.4-5 These topologically protected states have their spin locked to the direction 
of the momentum, potentially enabling spin-polarized current and defect tolerant 
transport. Bi2Se3 is the most widely studied topological insulator and recent progress in 
the growth of Bi2Se3, including the reduction of parasitic bulk conduction caused by 
point defects,6 have finally positioned researchers to synthesize unique devices based 
on the topologically protected states. 
During device processing there are often a number of etching and sputtering steps that 
are used to form and isolate the devices. Although necessary for complex device 
fabrication, these destructive processes can also have the adverse effect of inducing 
damage in the underlying materials. Research has shown that the surface states of 3D 
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TIs are robust to non-magnetic defects and should persist even after significant 
damage.7-8 However, there is a limit to this defect tolerance. Previous studies have 
shown that at some critical defect concentration, the disorder in the near-surface region 
can significantly alter the band structure, effectively forming a different material at the 
extreme limit, and causing the surface states to recede to the next topmost quintuple 
layer (in the case of 3D TIs).9-11 Before Bi2Se3 can be integrated into process flows that 
include etching steps, the effects of process-induced damage must be understood.
While there have been a few studies focused on the impact of (non-magnetic) defects 
on the surface states of TIs, those studies did not investigate specifically how the 
damage impacts the structure and chemistry of the surface.12-13 Furthermore, there 
have been no publications on the impact of dry-etching Bi2Se3 with reactive precursors 
that are common in advanced device processing. Due to the ease of sputtering through 
van der Waals chalcogenides with ionized noble gasses, we first investigate the impact 
of Bi2Se3 damaged by He+ ion sputtering. If Bi2Se3 is utilized in a van der Waals 
heterostructure, ionized sputtering with noble gasses may be sufficient for shaping the 
Page 5 of 40
ACS Paragon Plus Environment






























































device features. However, if more robust materials are utilized in the device structure 
(i.e. Fe, Co, Ni, etc.), it may be necessary to use more reactive etching processes.14-16 
Therefore, the use of inductively-coupled plasma (ICP) etching using Cl2 and SF6 
reactive species was also investigated. Using angle-resolved photoemission 
spectroscopy (ARPES), X-ray photoelectron spectroscopy (XPS), scanning-tunneling 
spectroscopy (STS), and atomic force microscopy (AFM) we investigate the surface 
chemistry, physical damage, and changes in electronic structure induced by these 
destructive processes and provide a guide for minimizing and, in some cases, even 
reversing some of the adverse effects.
EXPERIMENTAL METHODS
Molecular Beam Epitaxial Growth of Bi2Se3 
50 nm thick Bi2Se3 was grown on c-plane sapphire substrates using a two-step MBE 
process described in detail elsewhere.4,17 The quality of the MBE grown material is 
highly reproducible, and full characterization of the grown material has been repeated 
for several growths, where near identical grain size of 2 m, crystallinity, and chemical 
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composition is observed in all cases. Diffraction indicates a highly ordered film with 
slight azimuthal intergranular mismatch and some twinned domains.
Samples for ex-situ XPS, ARPES, and STS analysis were Se capped at room 
temperature for 1 hour in-situ after growth, to achieve a capping layer ~40 nm thick.  
This was used to prevent oxidation and the adsorption of environmental contaminants 
on the Bi2Se3 surface during transfer to the XPS, ARPES, or STS instruments.  
Desorption of the protective cap was performed by thermal anneal at 170°C for 30 min 
under a base pressure of 10-9 mbar in the instruments.
Sputter Process 
Sputtering was performed using a He+ ion beam at 1 keV (the lowest energy available 
on this system for controlled sputtering) for either 45 min or 135 min in-situ in the same 
chamber as the XPS instrument.  The etch was performed by rastering the sputter gun 
beam over an area of 6x6 mm2.  This then allows the XPS analysis (with a spot size of 
0.5 mm2) to be performed over the sputtered region without picking up signal from the 
non-sputtered Bi2Se3.  
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The ICP etch process was performed in a Plasma-Therm ICP Etcher at room 
temperature with reactive species of either SF6 or Cl2.  The samples that underwent ICP 
etching were never capped due to the lack of controlled heating in the etch tool.  The 
uncapped samples were placed into the etch tools within 5 minutes of removal from the 
growth chamber. The flourine–based etch recipe used 10 sccm of SF6, 5 sccm of Ar, 
with a forward power of 100 W, and a forward bias of 50 W.  The chlorine-based etch 
recipe used 10 sccm of Cl2, 5 sccm of Ar, 100 W forward power, and 50 W forward bias. 
In both cases there was a 10 s stabilization step, a 5 s plasma ignition step, and a 
constant etch lasting 5 s.  These reactive chemistries were chosen due to their 
widespread use in the industrial etching of dielectric and ferromagnetic films,14-16 and 
therefore, fully understanding their impact on the Bi2Se3 surface chemistry is necessary 
for the further application in advanced device processing.  Although Bi2Se3 is easily 
etched with inert processes, integration in novel device architectures will expose Bi2Se3 
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to reactive sputtering processes involved in sputtering through more physically robust 
layers.
After the sputter process, the ARPES samples were transferred ex-situ back to the MBE 
chamber in the minimum time (<10 min) in order to again cap them with Se to ensure 
the surface is protected during transfer to the ARPES system (which is located at the 
SLAC National Accelerator Laboratory).18 The samples for ARPES analysis were 
cleaved from this damaged region to a size of ~2x2 mm2. The same decapping 
procedure as previously mentioned was used in the ARPES preparation chamber to 
recover the bare Bi2Se3 surface. For the XPS characterization of the ICP-etched films 
(the XPS tool is in the same building as the ICP etchers at UT Dallas), the samples 
were transferred directly from the ICP etcher to the XPS system, while allowing the 
same amount of atmospheric exposure as the ARPES samples.  This resulted in minor 
atmospheric oxidation.6
XPS Characterization and Peak Fitting  
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XPS for all samples (except the SF6-etched sample as described later) was carried out 
using a monochromated Al Kɑ source (E = 1486.7 eV) and an Omicron EA125 
hemispherical analyzer with resolution of ±0.05 eV.  The analyzer acceptance angle of 
8°, takeoff angle of 45°, and pass energy of 15 eV were utilized in this study.  This tool 
is described in detail elsewhere.20 The analyzer was calibrated using sputter cleaned 
Au, Cu, and Ag foils, as is outlined in ASTM E2108. The stoichiometries extracted from 
XPS are calculated using the appropriate relative sensitivity factors for the Bi 5d, Se 3d, 
O 1s, Cl 2p, F 1s, and S 2s core levels (1.259, 0.722, 0.711, 0.77, 1.000, and 0.399, 
respectively).21 The stoichiometry ratios calculated are accompanied by a ±0.2 error. 
Due to the need for a charge neutralizer, the XPS for the SF6-etched sample was 
scanned in an Omicron ultra-high vacuum (UHV) system equipped with STM and XPS 
running at a base pressure of ~1 × 10-10 mbar.  A monochromatic Al Kα source (E = 
1486.7 eV) and an Omicron Argus detector operating with pass energy of 15 eV have 
been used with a spot size of 630 μm2.  The analyzer spectrometer energy scale was 
calibrated using sputter cleaned Au, Ag, and Cu specimens as indicated in the ASTM 
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E2108 procedure. The core level spectra were deconvoluted using the curve-fitting 
software AAnalyzer.22 Metallic chemical states were fit with the asymmetric double 
Lorentzian line shape, while non-metallic chemical states were fit with Voigt line shapes.  
An active Shirley background subtraction was employed in fitting all spectra.22 In order 
to accurately detect the presence of additional features in any of the core levels, all fits 
were performed with comparison to reference samples, i.e. using the bare Bi2Se3 after 
removal of the Se cap, and oxidized Bi2Se3 after one week of atmospheric exposure.  
The peak separations and full-width half-maxima (FWHM) of the reference peaks are 
kept constant to maintain consistency.  
STS Characterization
Room temperature scanning tunneling spectroscopy (STS) spectra were obtained using 
a VT-STM with an etched tungsten tip in the Omicron UHV system.  STS data were 
collected at a single position and averaged from at least 30 sweeps to obtain a single 
curve.23  Then, a direct differentiation of the I–V curves was plotted in linear or log scale.
ARPES Measurements
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ARPES measurements were performed at beamline 5-4 of the Stanford Synchrotron 
Light Source (SSRL) with a Scienta R4000 electron analyzer.18 All of the data shown 
was acquired using 23 eV photon energy with total energy and angular momentum 
resolutions of 10 meV and 0.25°, respectively. The decapping process was 
accomplished by heating the samples to 170 °C in UHV for 1 h. The temperatures 
during measurement were acquired close to the sample position with an accuracy of ±2 
°C.  The samples were then cooled down to room temperature before transfer to the 
ARPES analysis chamber. The ARPES measurements were performed at 20 K in a 
UHV chamber with a base pressure better than 4 x 10-11 mbar. Measurements on each 
sample were completed within less than 10 hours of Se cap removal.
Post Sputter/Etch Se Anneals 
The samples etched with the Cl2/Ar precursors were reintroduced into the MBE 
chamber used for growth and annealed under a Se flux pressure of 4.5 x 10-7 mbar at a 
temperature of 250°C for one hour.  The base pressure was maintained below 1 x 10-9 
mbar during the anneal, and the sample was transferred to the XPS system immediately 
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after growth without Se-capping.  The transferring of samples was timed such that each 
sample used for comparison saw the same amount of atmospheric exposure (< 10 min).
RESULTS AND DISCUSSION
He+ Sputter Damage
An XPS study was performed to investigate the change in surface chemistry caused by 
the He+-sputtering process.  The fitted XPS spectra of the Bi 5d and Se 3d core levels 
of the Bi2Se3 samples as a function of sputter damage are shown in Figure 1(a,b). The 
surface of the 0 min sample was scanned directly after the in-situ removal of the Se cap 
and shows the expected chemical states related to Bi2Se3 in both core levels. The two 
peaks observed in the Bi 5d and Se 3d spectra are due to the spin-orbit split Bi 5d (the 
5d5/2 and 5d3/2 peaks) and Se 3d (the 3d5/2 and 3d3/2 peaks) doublets and are in good 
agreement with previous reports.6,19 After exposure to the He+ ions for 45 min, the Bi 5d 
core level peak shifts to higher binding energy (BE) by 0.05 eV, suggesting n-type 
doping of the film. This shift is a result of the sputter process preferentially removing Se 
from the surface region, discussed in a previous publication.6 Se vacancies are a well-
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known n-type intrinsic dopant in Bi2Se3. There are also two additional features that 
emerge at 24.52 eV and 24.01 eV which are consistent with Se-deficient Bi2Se3-x and 
metallic Bi (Bi0),24 respectively. These peaks are highlighted in the magnified image, 
and is again consistent with the removal of Se. After the longer He+ sputter process 
(135 min) there is a further 0.09 eV shift to higher BE and the Bi0 feature increases in 
intensity by a factor of 10. This suggests the continued removal of Se from the surface. 
The Se 3d core level exhibits shifting similar to the Bi 5d, but with a slightly different 
magnitude. This is because the BE shift is the summation of the overall Fermi level shift 
along with the stoichiometric change of the film. Therefore, a larger shift of 0.14 eV to 
higher BE is initially observed for the Se 3d core level after the 45 min sputter and an 
additional shift of 0.07 eV after 135 min. As a result of the utilization of the amorphous 
Se cap, there are no detectable oxygen or carbon signals in any of the samples.
The change in stoichiometry of the surface region was calculated using the areas 
obtained from the fitted XPS data (sampling depth of 9.8 nm and 9.7 nm for the Bi 5d 
and Se 3d, respectively).25 Figure 1(c) shows the film stoichiometry as a function of 
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sputter time. As the sputter time increases, the film becomes more Se-deficient, i.e. the 
sputter damage preferentially removes Se from the surface.  This is consistent with the 
observation of Bi0 and Bi2Se3-x and is also consistent with the low evaporation energy of 
Se (95.5 kJ/mol) compared to Bi (179.0 kJ/mol).25
Figure 1: Fitted XPS spectra of (a) the Bi 5d core level as a function of increasing 
sputter time showing the presence of additional states at lower BE. (b) The Se 3d core 
level with an additional high BE state corresponding to Se-poor Bi2Se3-x after sputter. (c) 
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A plot showing the Bi:Se stoichiometry as a function of sputter time calculated from 
XPS.
Figure 2 shows the ARPES spectra of the 50 QL thick Bi2Se3 films as a function of 
sputter time. In each case, the surface states are still detectable regardless of the 
chemistry changes.  However, there are differences in the E-k data.  All of the data were 
acquired along the  direction. Two different normalization procedures were used to 
provide insight into the evolution of the band structure as a function of sputter damage.  
In Figures 2(a-c) the spectra were normalized to the intensity at the Dirac point. This 
assumes that the defect-tolerant surface states are minimally perturbed by the 
processing due to the topological protection.  Using this normalization method, the 
surface states can clearly be observed in all three samples with some noticeable 
momentum broadening of the Dirac cone. Furthermore, the variation in relative intensity 
between the Dirac point and the bulk bands results in significantly different maximum 
intensities between the non-sputtered and sputtered films likely due to the slight 
damage of the topmost quintuple layer of the 45 min sputter film. However, after an 
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extra 90 min of sputter time, the topmost quintuple layer is likely completely 
changed/amorphous which attenuates the Dirac cone signal that now comes from the 
topmost crystalline layer which is now below the surface. This helps explain the loss of 
definition of the bulk valence band (M-shaped band at -0.6 eV) observed in Figure 2(b). 
In Figures 2d-f the same spectra were normalized to the bulk conduction bands at a 
point 0.05 eV below the Fermi level (-0.05 eV in Figure 2). This method assumes that 
the bulk band intensity remains constant regardless of sputter damage and provides 
insight into the variation in surface state intensity detected at the topmost surface. It 
should be noted that the Fermi level shifts to lower binding energy (n-type doping) as a 
function of ARPES acquisition time. This is an effect known as “photon induced band 
bending” and is commonly observed in ARPES measurements.26 This provides a small 
level of variability in the normalization procedure, but does not significantly impact the 
quantitative analysis. Using this normalization method, the Dirac cone again remains 
detectable in all three samples, although there are noticeable changes in their intensity. 
After the 45 min sputter, a ~13% reduction in the Dirac cone intensity is observed. After 
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135 min of sputter damage, the surface states are still detectable but experience a 
~51% decrease in Dirac cone intensity.  As with the previous normalization method, this 
is consistent with the 45 min sputter sample having some damage to the top QL, while 
the 135 min sputter sample exhibits an amorphous surface layer attenuating the signal 
from the underlying crystalline quintuple layer.
Page 18 of 40
ACS Paragon Plus Environment






























































Figure 2: ARPES spectra acquired along the  direction for (a) as-grown Bi2Se3, (b) 
Bi2Se3 which has undergone He+ ion sputtering for 45 min, and (c) Bi2Se3 which has 
undergone the same sputtering process for 135 min.  These spectra are normalized to 
the Dirac point.  The surface state Dirac cone is observable in all three spectra.  The 
bulk band structure also becomes less distinct in the heavy sputter case.  The same 
spectra are shown in (d), (e) and (f), this time normalized to the intensity at -0.05 eV, in 
the bulk conduction band.
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Figure 3: The surface state widths (∆kSS) slightly above the Dirac point, as extracted 
from the ARPES spectra.
The changes in the surface chemistry/crystallinity results in a broadening of the Dirac 
cone.27 Figure 3 shows the extracted surface state momentum width (∆kSS) for each 
sample, measured at 0.01 eV above the Dirac point.  The Dirac cone diameter, 
measured to be 0.10 Å-1 for the undamaged sample, increases by 20% after the 45 min 
sputter to 0.12 Å-1, and a further 108% increase after the 135 min sputter to 0.25 Å-1.  
This momentum broadening corresponds to a decreased surface state Fermi velocity 
and a concomitant increased density of states.
ICP Chemical Etching
To further test the robust nature of the topologically protected surface states of Bi2Se3 
for novel device integration, ARPES data for the ICP-etched samples was also 
collected.  We note here that significant charging was observed for the SF6-etched 
sample and prevented any ARPES data collection (due to the formation of insulating 
BiF3 as will be described later). Figure 4(b) shows the result for the Cl2-etched sample 
Page 20 of 40
ACS Paragon Plus Environment






























































normalized to the conduction band, where the electronic structure closely resembles the 
45 min He+-sputtered sample shown in Figure 2(e). Again, this indicates light damage to 
the topmost quintuple layer of Bi2Se3. Furthermore, similar momentum broadening to 
0.12 Å-1 (20%) at 0.01 eV above the Dirac point for the Cl2-etched sample is observed. 
We note that the 45 min He+ sputtered sample and the Cl2-etched sample have nearly 
identical perturbed surface stoichiometries (Fig. 1(c) and Fig. 5(d)) and nearly identical 
Dirac cone broadening.  When the damage is more severe (and the surface 
stoichiometry change is greater) as in the 135 min He+ sputtered sample, the 
broadening is also more severe.  The amount of broadening does not appear to depend 
on the actual process by which the damage occurs, just the extent of the damage.
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Figure 4: ARPES data of the (a) non-sputtered Bi2Se3 and (b) Cl2-etched Bi2Se3 along 
the  direction showing that the Dirac cone remains post-etch.
Figure 5: Fitted and normalized XPS data showing the (a) Bi 5d and (b) Se 3d core 
levels for the as-grown Bi2Se3, the Cl2-etched, and the SF6-etched samples.  The 
significant changes in binding energy and chemical states reflect the vast differences in 
reactivity between Cl and F ions with Bi2Se3. (c) F 1s core level for the SF6-etched 
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sample. (d) Surface stoichiometry as determined from XPS, highlighting the drastic loss 
of Se for the SF6-etched sample.
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A complementary XPS study was performed to investigate the change in surface 
chemistry following the ICP etch process.  Figures 5(a,b) show the Bi 5d and Se 3d core 
levels obtained immediately after etching, with roughly 10 min of atmospheric exposure 
required to load the samples into the XPS system. For the Cl2-etched sample, the Bi 5d 
core level exhibits a Bi-O feature at 25.89 eV and lacks a chemical state related to Bi-Cl 
bonds.  This likely results from the preferential removal of selenium during the Cl2 etch 
and an energetically favorable reaction with atmospheric oxygen over ionized chlorine 
(338.9±5.9 kJ/mol compared to 300.4±4.2 kJ/mol, respectively).28 When compared to a 
reference Bi2Se3 sample, the Bi2Se3 core level shifts 0.19 eV to lower binding energy.  
This is consistent with the shift in the XPS measured valence band offset, and indicates 
p-type doping, possibly through intercalated chlorine radicals as has been previously 
observed for bi- and tri-layer graphene. The Se 3d core level associated with Bi2Se3 
also shifts to lower binding energy as shown in Figure 5(b). Furthermore, a second 
doublet can be observed that is consistent with amorphous Se-Se surface species. 
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Significant charging was again observed for the SF6-etched sample, and a charge 
neutralizer had to be utilized to gather reliable data. In stark contrast to the Cl2-etched 
sample, the SF6-etched sample shows severe Se loss and the formation of a new Bi-F 
chemical state.  In both the Bi 5d and Se 3d core levels, the Bi2Se3 chemical states are 
almost completely eliminated and replaced with Bi-F and Se-F states, respectively. This 
is likely due to the more energetically favorable Bi-F bond (366.5±12.5 kJ/mol compared 
to 280.3±5.9 kJ/mol for Bi-Se).29 The attenuation of the Bi2Se3 indicates that the new Bi-
F overlayer is 7-10 nm thick.  Stoichiometry calculations reveal a Bi:F atomic ratio of 
~0.28, and indicate the formation of BiF3. BiF3 is an insulator with a bandgap of 5.1 eV, 
and the formation of a strong insulator on the surface is in agreement with the charging 
effect observed during ARPES data collection. Further physical analysis of the surface 
was performed with AFM and can be seen in Figure 6.  Figure 6(a) shows a high 
density of grain boundaries along the surface in the non-sputtered Bi2Se3 sample, which 
may allow the F ions to penetrate into the film and react with the less-stable grain 
boundaries. This etching mechanism can lead to the rapid replacement of Bi-Se bonds 
for more energetically favorable Bi-F.
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Figure 6:  2x2 μm2 AFM images of Bi2Se3 after (a) growth, (b) 45 min He+ sputter, (c) 5 
s Cl2 ICP etch, and (d) 5 s SF6 ICP etch.
Treatments for repairing surface damage
Previous results suggest that Se capping of chacogenide films can fill vacancies and 
positively impact electronic properties.29 Here, experiments were performed to 
interrogate this effect in the near-surface chemistry and Fermi level.  To achieve this, a 
Se-capped Bi2Se3 sample was decapped in the XPS system at 170 °C and scanned 
before sputtering. The sample was then sputtered, with He+-ions for 45 min, replicating 
the previously described experiments and interrogated with XPS.  Figures 7(a,b) show 
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the deconvoluted Bi 5d and Se 3d core level spectra of the sample.  A near identical 
behavior to that in Figure 1 is observed for the 45 min sputter sample, with the Bi2Se3 
features shifting to higher BE by 0.07 eV and 0.11 eV for the Bi 5d and Se 3d, 
respectively.  Additionally, the Bi0 and Bi2Se3-x features are observed after sputtering, 
highlighted in the Bi 5d inset.
Figure 7: Fitted XPS spectra of (a) the Bi 5d core level of a bare sample, the same 
sample after 45 min sputter time, and the same sample after being capped with Se 
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again and the cap removed.  The previously observed Bi0 and Bi2Se3-x states 
(highlighted in the zoomed inset) are observed after sputtering but are not detectable 
after re-capping with Se.  (b) The Se 3d core level showing the presence of Bi2Se3-x 
after sputter damage and the reduction of this peak after recapping with Se.  (c) A plot 
showing the stoichiometry extracted from the XPS peak areas as a function of 
experimental step.
The sample was then re-capped with Se in the MBE system, and then de-capped again 
in the XPS system at 170 °C. XPS was then immediately performed.  All of this reflects 
the conditions that the ARPES samples, shown previously, were exposed to. In these 
samples, the Bi0 and Bi2Se3-x features decrease from a combined 11% of the total Bi 5d 
area in the 45 min sputter sample, to below the detection limit after the extra cap/decap 
process. Figure 7(c) shows the film stoichiometry obtained using the same method as 
Figure 1(c). A slightly higher degree of Se loss occurs in the 45 min sputter sample 
compared to Figure 1(c), due to sample-to-sample variation. However, following the re-
capping procedure, the XPS integrated intensities revert close to their initial levels, 
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indicating that annealing in the presence of the Se cap causes some of the Bi2Se3-x and 
Bi metal to convert back to Bi2Se3.  This result suggests a possible route to repair 
damaged or defective Bi2Se3 surfaces, and also explains why the ARPES spectra do 
not show any noticeable contributions from metallic Bi in the sputter damaged samples.  
Finally, a study was performed to test this “healing” effect using an alternative method 
where the samples are annealed at low temperature in a Se background (not capped). 
For consistency, Bi2Se3 films were grown using the same procedure as previously 
described and exposed to atmospheric conditions for less than 10 minutes when 
transferring to and from the XPS system. Two Bi2Se3 samples were etched using the 
same ICP parameters as described previously for the Cl2-etched samples.  Immediately 
following the etch procedure, one sample was transferred to the XPS system for 
interrogation, and the other was transferred to the MBE system, minimizing atmospheric 
exposure.  The sample in the MBE system was then exposed to a Se flux pressure of 
3.5 x 10-7 mbar at 250 °C for 1 hour.  The sample was then transferred to the XPS 
system and the surface chemical states were analyzed for comparison to the pre-anneal 
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results.  Figure 8 shows the Bi 5d and Se 3d core levels, and the extracted Bi:Se ratios. 
Following the anneal, the Bi:Se surface stoichiometry recovered toward the intrinsic 
ratio, indicating the Se-rich anneal resulted in the filling of Se vacancies. The Bi 5d core 
level experienced a 35% reduction in the Bi-O feature as well as a 0.06 eV shift to 
higher binding energy for the Bi2Se3 doublet. The Se 3d core level also exhibits a similar 
shift to higher binding energy for the Bi2Se3 doublet, as well as the complete removal of 
the Se-Se surface species, indicating a change in surface chemistry along with a slight 
Fermi level shift. However, Figure 8(c) shows that Cl species are still detectable by 
XPS, even after the Se anneal. 
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Figure 8: Fitted XPS spectra of (a) the Bi 5d, (b) Se 3d, and (c) Cl 2p core levels of 
Bi2Se3 immediately after growth, after the Cl2 ICP etch, and finally after the subsequent 
UHV anneal under a Se-flux. (d) Bi:Se stoichiometry extracted from XPS after each 
processing step.
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The results presented in this paper have demonstrated the robust nature of the 
topologically-protected surface states of Bi2Se3 and provide strong motivation for its 
implementation in defect tolerant, next-generation nanoelectronics. He+ sputtering 
induces preferential removal of Se from the surface layers, which causes n-type doping. 
ARPES analysis of He+ sputtered samples indicate some surface state momentum 
broadening, but still the Dirac cone remains, even after heavy damage. Cl2 etches 
exhibit chemistry changes resulting in partially reversible Se-Se species formation and 
residual interstitial Cl, while SF6 etches Bi2Se3 to form insulating BiF3, essentially 
rendering that etch chemistry unusable. Once again, the Dirac cone remains for the Cl-
etched samples despite the chemical changes.  The introduction, post-etch, of low-
temperature Se anneals (simply through annealing or through the utilization of a Se 
capping layer) helps to “heal” Se vacancies and surface chemistry changes.  These 
results confirm the defect tolerance of the topologically protected surface states to 
physical and chemical surface changes.
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